C ardiovascular disease is the number one cause of death in the world. An estimated 17.3 million people die from cardiovascular disease, representing 30% of all global deaths 1 . Atherosclerosis, which is the most important contributor to cardiovascular disease, is considered an inflammatory disease characterized by intense immunological activity in the arteries [2] [3] [4] . The circulating monocytes are captured at the surface of endothelium and subsequently roll and extravasate into the aortic intima in the early steps of atherogenesis 5 . Lipids such as low density lipoprotein (LDL) and oxidative LDL, oxidative stress, and inflammatory cytokines activate endothelium and increase the recruitment of monocytes. Extravasated monocytes differentiate into macrophages or dendritic cells. Macrophages, especially the proinflammatory phenotype, M1 macrophages, play an important role in the inflammatory response through their secretion of proinflammatory mediators in the aortic plaque. In the human and mouse aortic plaque, M1 macrophages predominantly exist [5] [6] [7] . Inflammatory cytokines induce endothelial dysfunction, stimulate vascular smooth muscle cell migration into the intima and promote atherogenesis.
The prevalence of mild to moderate periodontitis is 13-57% and the prevalence of severe periodontitis is 10-25% 8 . Periodontal disease including periodontitis can affect up to 90% of the worldwide population 9 . Periodontitis is a chronic infectious disease initiated by a group of periodontopathic bacteria, such as Porphyromonas gingivalis, which generates lipopolysaccharide (LPS) 10 . LPS activates macrophages through Toll-like receptors and activated macrophages secret inflammatory cytokines. These inflammatory responses induce an imbalance between osteoblasts and osteoclasts and result in alveolar bone absorption 11 . Many prevalent risk factors are shared by cardiovascular disease and periodontal disease, such as age, smoking, diabetes mellitus, and overweight or obesity 12 . Increasing clinical studies have revealed an association between periodontal disease and cardiovascular disease, such as myocardial infarction, stroke and atherosclerotic vascular disease [13] [14] [15] . Furthermore, periodontal treatment improves endothelial dysfunction in patients with severe periodontitis 16 . Animal experiments also revealed that P. gingivalis-infection accelerated the progression of atherosclerosis in apolipoprotein E-deficient mice 17, 18 . Previous reports about rats with ligature-induced periodontitis indicated that periodontitis elicited endothelial dysfunction, oxidative stress and lipid accumulation in aorta accompanied by increased serum inflammatory cytokine, CRP, oxidative stress or lipids 19, 20 . . These animal experiments support the epidemiological findings about an association between periodontal disease and cardiovascular disease. Several mechanisms arise from these studies, such as systemic inflammation, molecular mimicry, oxidative stress, lipid abnormality, bacteremia and vascular infection by periodontal pathogens 22 . However, the precise mechanisms by which periodontal disease affects the systemic vasculature remain incompletely defined.
To explore the role of periodontitis in atherosclerosis, we employed an experimental periodontitis model, ligature-induced periodontitis, in rats and investigated the aortic changes thereby induced. Ligature-induced periodontitis is a method to produce an animal model of periodontitis that is similar to clinical periodontitis since it results from plaque accumulation around the ligature 23 . Acute inflammation arises within 2 days post surgery, beginning around the cervical area and leading to a chronic inflammatory response, eventually ending in alveolar bone loss [24] [25] [26] .
In the current study, we have provided evidence that periodontitis activates monocytes/macrophages, which subsequently circulate in the blood and adhere to vascular endothelial cells inducing an inflammatory response in the vascular wall. Our results indicate that periodontitis triggers the initial pathogenesis of atherosclerosis, the inflammation of the vasculature, through sensitizing circulating monocytes/macrophages.
Results

Induction of periodontitis.
We made a ligature-induced periodontitis model which mimics the process of human periodontitis (Fig. 1a) . Plaque accumulation was detected around the ligated nylon thread including the dentogingival junction (Fig. 1b) . Inflammatory cells were infiltrated in the periodontal tissue of periodontitis rats (Fig. 1c) . Inflammatory cytokine mRNA expressions were significantly increased in the gingiva of the periodontitis rats. The gingival tumor necrosis factor-alpha (TNF-a ), CD68 and monocyte chemotactic protein-1 (MCP-1; also known as Ccl2) mRNA expressions significantly increased 2.1-fold, 2.7-fold and 1.7-fold, respectively, in the periodontitis rats compared with the control rats (Fig. 1d) .
Alveolar bone resorption was analyzed by the distance between the cemento-enamel junction (CEJ) and the alveolar bone crest (Fig. 1e) , which was significantly increased by 1.9-fold in the periodontitis rats compared with the control rats.
Body weights were similar between the control and the periodontitis rats (380.8 6 15.2 g and 381.6 6 12.9 g, respectively), whereas the number of white blood cells was significantly higher in the periodontitis rats compared with the control rats (4733 6 444/ml and 3900 6 384/ml, respectively, P , 0.05).
Periodontitis increased mRNA expressions of TNF-a-associated signal transduction molecules in aorta. We investigated whether periodontitis affected cytokine-related mRNA expressions in the aorta. The induction of periodontitis resulted in the significant increase of TNF-a-related mRNA expressions in the aorta, TNF-a, TNF receptor 1 (TNFR1), TNF receptor-associated factor 2 (TRAF2), and Receptor-interacting protein 1 (RIP1; also known as Ripk1), as well as the increase of vascular endothelial adhesion molecules 1 (VCAM-1) compared with the control rats, except that there was no significant difference in the TNF receptor 2 (TNFR2) mRNA expression between the control and the periodontitis rats (Fig. 2a) . Western blot analysis confirmed the increase of the protein expressions of TNFR1 and VCAM-1 in aorta of the periodontitis rats compared with the normal rats (Fig. 2b, Supplementary Fig. S1 ).
In contrast, mRNA expressions of interleukin-6 (IL6) and its receptor (IL-6R) were not changed between the control and the periodontitis rats, which was confirmed by the fact that the protein expression of IL-6Ra and the phosphorylation of Stat3, downstream of IL-6R, were not significantly different in aorta of the control and the periodontitis rats by Western blot analysis (Fig. 2a,b) .
Inflammatory cytokines were not increased in serum of the periodontitis rats. The serum concentrations of TNF-a, IL-6, interferonc (IFN-c), MCP-1, and C-reactive protein (CRP) were evaluated. In our rat model, TNF-a, IL-6 and IFN-c were below the detectable range in both the control and the periodontitis rats (Fig. 3a) . MCP-1 was at detectable levels, although there were no differences between the control and the periodontitis rats. Serum CRP concentrations were not different between the control and the periodontitis rats (control; 10.9 6 0.6 ng/ml, periodontitis; 11.0 6 0.3 ng/ml). The tendencies of these results were the same at 2 weeks after ligation (Supplemental Fig.S2 ).
Effect of periodontitis on the gene expressions in circulating mononuclear cells. To investigate whether circulating mononuclear cells (MNCs) are affected by periodontitis, we collected circulating MNCs from peripheral blood and quantified the mRNA expressions. We measured proinflammatory gene expressions (TNF-a, integrin alpha 4 (VLA-4; also known as Itga4), integrin alpha M (Mac-1; also known as Itgam) and IL6) and anti-inflammatory gene expressions (interlukin 10 (IL10) and CD206 (also known as Mrc1)) (Fig. 3b) . The mRNA expression of TNF-a and IL6 were significantly increased by 2.7-fold and 2.6-fold in the MNCs of the periodontitis rats compared to the control rats. On the other hand, there were no significant differences in anti-inflammatory gene expressions. These results indicate that the M1 phenotype of macrophage is activated by periodontitis, suggest that periodontitis-activated MNCs are the inflammatory messenger to the systemic vasculature and that proinflammatory cytokine-related signaling may be involved in the development of vascular dysfunction and atherosclerosis.
Periodontitis increased the adhesion of monocytes/macrophages to aortic endothelial cells. Monocyte accumulation and atherosclerotic lesion formation are known to occur reproducibly at specific sites in the arterial tree, such as in arterial branches 27 . Using an optimal observation method for the endothelial surface, we examined the effect of periodontitis on monocyte/macrophage adhesion to the aortic endothelial surface surrounding the orifice of intercostal arteries of the thoracic aorta in rat (Fig. 4a,b) . The number of monocytes/macrophages adhering to the aortic endothelium was significantly increased by 1.7-fold in the periodontitis rats compared with the control rats.
Periodontitis induced NF-kB/VCAM-1 expressions in aortic endothelial cells. Immunohistological stainings revealed that there were significant increases of p65 NF-kB positive and VCAM-1 positive endothelial cells in the aorta of the periodontitis rats compared with the control rats (Fig. 4c,d ). Double stainings of these proteins indicated that NF-kB/VCAM-1 double positive endothelial cells were significantly increased in the periodontitis rats, suggesting that NF-kB activation may be involved in the production of VCAM-1 in vascular endothelial cells. These results suggest that periodontitis-activated monocytes/macrophages adhere to aortic endothelial cells, leading to the increase of NF-kB-mediated VCAM-1 expression (Fig. 4e) .
Adhesion of peripheral blood-derived MNCs from the periodontitis or the normal rats to cultured vascular endothelial cells. To confirm that circulating monocytes/macrophages in the periodontitis rats have an increased ability to adhere to and induce pathological changes in vascular endothelial cells, we performed ex vivo experiments by collecting MNCs from the periodontitis and the normal rats. MNCs isolated from peripheral blood of the periodontitis or the normal rats were pre-stained by PKH26 and then seeded on a cultured HUVEC monolayer and the number of adhering MNCs was counted. As shown in Fig. 5a ,b, the number of MNCs isolated from the periodontitis rats adhering to HUVECs was significantly increased by 3.7-fold compared with those isolated from the control rats.
The adhesion of MNCs from periodontitis rats induced NF-kB activation and VCAM-1 expression in HUVECs, which were significantly increased by 5.1-fold and 2.6-fold, respectively compared with MNCs from the normal rats (Fig. 5c-e) .
Discussion
We have demonstrated that periodontitis increases the adhesion of monocytes/macrophages to the aortic endothelium, as well as the activation of NF-kB and the expression of VCAM-1 in aortic endothelial cells using a rat experimental periodontitis model. TNF- a receptor cascade, TNF-a/TNFR1/TRAF2/RIP, was upregulated in aorta of the periodontitis rats, suggesting that local inflammation, periodontitis, causes an inflammatory response at the sites of the aorta. Our subsequent study indicated that the periodontitis-activated monocytes/macrophages are possible mediators for the induction of the aortic inflammatory response.
Our experimental ligature-induced model of periodontitis is similar to clinical periodontitis since it starts from plaque accumulation around the ligature, followed by acute inflammation, leading to a chronic inflammatory response and alveolar bone loss 23, 26, 28 . We evaluated the vascular abnormalities four weeks after ligation, when it was in the chronic inflammatory phase of periodontal disease. Plaque accumulation, inflammatory cell infiltration and alveolar bone loss were observed in the periodontal tissue of the periodontitis rats, as well as the increased expressions of inflammatory cytokines such as TNF-a and MCP-1 in the gingiva.
The adhesion of circulating monocytes to intimal endothelial cells is thought to be one of the earliest events in atherosclerogenesis 2, 29 . Subsequently, monocytes attached to endothelial cells invade the vascular wall and play a pivotal role in the inflammatory response in the vasculature 30 . Thus, our results indicate that periodontitis induces an early event of atherosclerogenesis, monocyte adhesion to aortic endothelium.
Immunohistological staining revealed that the expressions of NF-kB and VCAM-1 were significantly increased in the aortic endothelial cells of rats with periodontitis. Endothelium-expressed adhesion molecules, such as VCAM-1 and ICAM-1, have pathogenic functions during atherosclerogenesis 31 . They may also contribute to the initiation lesions by participating in the recruitment of blood monocytes to the intima in the earliest stages of atherosclerosis. The induction of VCAM-1 at sites of atherosclerotic lesion formation is an example of inducible NF-kB-dependent gene expression during the formation of early atherosclerotic lesions, since the promoter of VCAM-1 contains two consensus NF-kB sites that are required for cytokine-induced expression 27, 32 . Periodontitis increased the mRNA expressions of TNF-a receptor cascade, TNF-a/TNFR1/TRAF2/RIP as well as VCAM-1 in the aorta. The members of the TNF ligand family exert their biological functions via interaction with their cognate membrane receptors, comprising the TNF receptor (TNF-R) family 33 . Although TNFR2 can directly bind TRAF2 (as well as TRAF1), it does not activate the expression of adhesion molecules in endothelial cells 34 . On the other hand, the TNFR1-mediated cascade induces the activation of NFkB 35 . TNF stimulation of adhesion molecules, ICAM-1 and VCAM-1, in human endothelial cells occurs through the TNFR1 subtype and is mediated by the NF-kB pathway, but not the ERK, p38MAPK or JNK kinase pathways. It is also evident from studies with TRADD-, TRAF2-and RIP1-deficient mice that all these molecules play important roles in the TNFR1-induced activation of NF-kB 36, 37 . In contrast, Ekuni et al. reported that other gene expressions were increased in aorta of ligature-induced periodontitis Wistar rats by microarray analysis, and that TNF-a was not increased in their model. At least, both two studies indicated that ligature-induced periodontitis changed the gene profiles in aorta. The reason for the differences in gene profiles between them is unknown, but one possibility is differences in the rat lineages. Concerning this issue, further study is needed.
In contrast with TNF-a signaling cascade, IL-6 signaling cascade was not increased in aorta of the periodontitis rats. The mRNA expressions of IL-6 and IL-6R, the protein levels of IL-6R and the phosphorylation of Stat3, downstream of IL-6R, were not significantly different in aorta between the control and the periodontitis rats.
What is the mediator between periodontitis and the aortic inflammatory changes in our model? The serum levels of inflammatory cytokines were undetectable or unchanged between the control and the periodontitis rats in our experiments, suggesting that serum cytokines may not be the inducer of aortic inflammation. On the other hand, we have demonstrated that the circulating MNCs including monocytes/macrophages showed a significant increase in TNF-a and IL-6 mRNA expression in the periodontitis rats compared with the control rats.
Our ex vivo experiments revealed that peripheral blood-derived MNCs from periodontitis rats had enhanced adhesion to vascular endothelial cells compared with those from the control rats. We also confirmed that MNCs from the periodontitis rats significantly increased the expressions of NF-kB and VCAM-1 in cultured vascular endothelial cells compared with those from the control rats. These results suggest that circulating MNCs activated by periodontitis become more strongly adhesive to vascular endothelial cells, which subsequently induce the inflammatory response in the vascular wall.
Previous studies demonstrated that ligature-induced periodontitis increased serum oxidative stress and LDL-cholesterol in rats 19, 20 . Clinical studies revealed that the severity of periodontitis positively correlated with serum oxidative stress 38, 39 . Although we did not measure oxidative stress or lipids profiles in our study, oxidative stress is known to induce the activation of monocytes/macrophages 40, 41 . These facts may suggest that the monocytes/macrophages were activated not only at the sites of periodontitis but also in the serum by oxidative stress. Concerning this issue, further validation is needed.
In conclusion, to our knowledge, this is the first study, using a ligature-induced periodontitis method, which directly demonstrated that periodontitis induces inflammatory changes in the vascular wall, at least in part through activated monocytes/macrophages. These results indicate the importance of the treatment of periodontal disease in the aspect of preventing atherosclerosis. We endorse the treatment of periodontal disease not only for treating the local infection but also for preventing the aortic inflammation.
Methods
Animals. Male Sprague-Dawley (SD) rats were purchased from Chubu Kagakushizai (Nagoya, Japan) at 7 weeks of age. All rats were housed in individual cages under controlled temperature (24 6 1.0uC), on a 12 h light/dark cycle and were given standard laboratory rat chow with water ad libitum. All experimental protocols were approved by the Institutional Animal Care and Use Committees of Aichi Gakuin University and all experiments were carried out in accordance with the approved guidelines.
Induction of periodontitis. Periodontitis was induced in rats by nylon thread ligature as previously described 42 . Half of the rats, the periodontitis rats, were anesthetized with diethyl ether, and surgical nylon thread (3-0 Surgilon; Tyco Healthcare, Princeton, NJ) was used to ligate around the cervical portion of the maxillary second molar (M2) on both sides without damaging the nearby gingiva. Rats without any ligation were used as the control rats. Four weeks after the ligature, the following assessments were performed.
Tissue collection. Rats were killed with an overdose of pentobarbital and blood samples were collected from the central vein. An approximately 3 mm thick gingivomucosal tissue strip from the buccal side of the M2 was excised from the left side and kept at 280uC until use for mRNA and protein analyses. Maxillary bones with the attached gingival tissue from the right side were excised and fixed in 10% formalin for H-E staining and micro CT analyses. The gingivomucosal and maxilla samples of all rats were removed by the same investigator. The aorta was harvested, immediately frozen and kept at 280uC until processed for mRNA/protein analyses or fixed with 4% paraformaldehyde for immunohistochemical analysis.
Dental plaque-disclosing. To detect the plaque accumulation on the tooth surface, Red Dye (MerssageH; Shofu, Kyoto, Japan) was used according to the manufacturer's protocol 43 . Red Dye was applied to all exposed tooth surfaces, followed by rinsing with deionized water. The plaque on the teeth remained red after the rinsing.
Real-time quantitative RT-PCR. Total RNA was extracted using RNeasy (Qiagen, Hilden, Germany) and complementary DNA was synthesized from 250 ng of RNA using ReverTra Ace (Toyobo, Osaka, Japan) according to the manufacturers's instructions. Primers were purchased from TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA). Real-time quantitative PCR was performed using ABI Prism 7000 (Applied Biosystems). The following protocol was used: 1 min. at 95uC, 1 min. at 52uC and 30 s at 72uC, and it was repeated for a total of 40 cycles. The relative quantity was calculated by the DDCT method using b2 microglobulin as the endogenous control 44 .
Micro CT analysis. To observe the morphological changes in the alveolar bone, maxilla were scanned by micro CT (R_mCT; Rigaku Corporation, Tokyo, Japan) 4 weeks after ligature. The computed tomography was set according to slice thickness (50 um), voltage (90 kV) and electrical current (88 mA). Three-dimensional images were made using TRI/3D Bone (Ratoc, Tokyo, Japan). The distance from the mesial buccal cement-enamel junction to the alveolar bone crest of the second molar was measured as a reference for bone height. The level of bone resorption was calculated as the distance from the mesiobuccal cement-enamel junction to the alveolar bone crest.
Western blot analysis. Frozen, powdered samples of aorta were solubilized in lysis buffer and analyzed by Western blot using antibodies to rabbit anti-TNFR1 polyclonal antibody, rabbit anti-TNFR2 polyclonal antibody, rabbit anti-VCAM-1 polyclonal antibody mouse anti-IL-6Ra monoclonal antibody (Santa Cruz Biotechnology Inc, Santa Cruz, CA), mouse anti-Stat3 monoclonal antibody, mouse anti-b-actin monoclonal antibody (Cell Signaling Technologies, Beverly, MA). The expression of b-actin was used to control for equal gel loading.
Histological and immunofluorescence staining in gingiva and aorta. Maxilla with gingiva on both sides were fixed in 10% formalin solution for 24 hours, washed in tap water and immersed in a specific immersing solution (SCEM) containing liquid nitrogen and isopentane. Following this procedure, undecalcified frozen sections were made according to the Kawamoto method 45 . For hematoxylin-eosin staining, the second molars were cut serially into 5-mm-thick sections, the sections then mounted using adhesive film (Cryofilm type I; Laica microsystems,Wetzlar, Germany) and mounting medium (SCMM-R2; Laica microsystems).
The accumulation of monocytes/macrophages on the endothelial surface and en face immunohistochemistry of the endothelial surface were observed using a combination of inverted fluorescent microscopy and confocal microscopy. The aorta was dissected carefully from the aortic arch to the lower thoracic region and was immersed in 4% paraformaldehyde for 24 hours at 4uC. The thoracic aorta, which was cleamed of fat for en face immunohistochemistry of the endothelial surface, was cut open longitudinally along the ventral side with scissors. Then, immunohistochemical analysis was performed using anti-rabbit VCAM-1 antibody (Santa Cruz Biotechnology Inc), anti-human NF-kB (p65) antibody (Life Technologies Corp., Carlsbad, CA) or anti-mouse CD 68 monoclonal antibody (Thermo Fisher Scientific, Cheshire, UK). This was followed by incubation with the secondary antibodies labeled with Alexa Fluor 488, 594 or Texas Red (Life Technologies Corp.) and with DAPI (Sigma-Aldrich, St. Louis, MO) for 1 hour at room temperature. The samples were washed 3 times with PBS, placed on a slide glass with the intimal side up, and covered with Fluormount (Diagnostic BioSystems, Pleasanton, CA) Mounting Medium. Slides were investigated with a FU-200 confocal system (Olympus, Tokyo, Japan) and Leica AF6000LX (Leica microsystems) inverted microscope. To count the number of endothelium-adherent monocytes, the total numbers of CD 68-immunopositive cells were counted and the cell density was calculated as the cell count divided by the total area 46 . The activation of NF-kB was detected by immunofluorescent staining of NF-kB in or near the nuclei. Seven to ten fields were captured at various focal lengths and the ratio of NF2kB positive and VCAM-1 positive cells was determined as positive cells per 1000 endothelial cells 47 .
Serum cytokine measurements. Serum concentrations of TNF-a, IL-6, IFN-c, and MCP-1were measured using multiple beads array (Milliplex MAP kit, Millipore Corp, Billerica, MA) following the manufacturer's instructions and the concentrations of the analytes were determined in the serum collected from rats using Milliplex Manager version 5.1 and MAGPIX xPONENT software, respectively. The serum concentration of CRP was measured by ELISA (R&D Systems, Minneapolis, MN, USA). All samples were run in triplicate. Analytes were normalized to the total protein concentration, which was estimated with a Bradford assay, a colorimetric protein assay.
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Isolation and labeling of MNCs. MNCs were isolated from peripheral blood using the Histopaque (Sigma)-density centrifugation method. The MNCs layer was collected, washed twice with 1 mmol/l EDTA in PBS, and suspended in degassed PBS with 0.5% BSA and 2 mmol/l EDTA. After the removal of platelets and red blood cells, MNCs were stained with PKH26-GL Red Fluorescent Cell Linker Kit (Sigma) and Hoechst 33342 (Life Technologies Corp.) according to the manufacturer's protocol.
Ex vivo adhesion of circulating MNCs to cultured endothelial cells and immunohistochemical staining of endothelial cells co-cultured with MNCs. 1 3 10 5 MNCs were labeled with PKH26 (Sigma), placed on a confluent human umbilical vein endothelial cells (HUVECs) (Lonza, Walkersville, MD) monolayer in each well of a 4-well chamber slide (Iwaki, Tokyo, Japan) and allowed to adhere for 1 and 24 hours. Nonadherent cells were washed away and the cells were fixed with 4% paraformaldehyde; the number of labeled adherent MNCs was determined by counting cells in five 100 3 fields per well 48, 49 . For the immunohistological staining of endothelial cells cultured with attached MNCs, after the fixation, cells were incubated 1 hour at 4uC with PBS containing anti-rabbit VCAM-1 antibodies (Santa Cruz Biotechnology Inc), anti-human NF-kB (p65) antibodies (Life Technologies Corp.), followed by species-specific secondary antibodies coupled with Alexa Fluor Dyes (Life Technologies Corp.). Nuclei were stained using Hoechst 33342, and the cells were mounted in Fluormount (Diagnostic BioSystems, Pleasanton, CA) Mounting Medium for imaging with a FU-200 confocal system (Olympus). 5 to 7 pictures of each field were captured at various focal lengths and positive cells were counted in 100 3 fields per well.
Statistical analyses. Data are expressed as means 6 s.e.m. Differences between two groups were assessed using the unpaired two-tailed Student's t-test unless otherwise noted. Data sets involving more than two groups were assessed by analysis of variance (one-way ANOVA) followed by the Bonferroni correction for multiple comparisons. The differences were considered to be significant if P , 0.05.
